Abstract
Introduction

43
Methanogenic archaea are strictly anaerobic microorganisms that belong to the phylum 44 Euryarchaeota and produce methane as an obligate catabolic end-product (Ferry, 1993) . (Thauer et al., 2008) . Once released, methane can either be oxidized in biotic and abiotic 47 processes or accumulate in the Earth's atmosphere as a greenhouse gas, where it will slowly 48 oxidize by means of photochemical reactions. The atmospheric methane concentration has 49 increased more than twofold in the last 200 years (Hedderich & Whitman, 2006) , 50 contributing to the increase in the Earth's temperature over the last decades. methanogenic archaea from non-permafrost environments permafrost habitats such as Methanogenium frigidum (Franzmann et al., 1997) from Ace 72 Lake, Antarctica, which cannot resist these conditions . Among the 73 Siberian permafrost isolates, the genera Methanosarcina and Methanobacterium are broadly 74 represented. Methanosarcina can metabolize a broad spectrum of substrates, including 75 hydrogen, methanol and acetate (Liu & Whitman, 2008) . Methanobacterium species present 76 a hydrogenotrophic metabolism, growing on H 2 +CO 2 or formate (Ferry, 1993) .
77
The reasons why psychrotolerant methanogens from Siberian permafrost environments are 78 more resistant to a broad range of extreme parameters than their relatives from psychrophilic 79 and mesophilic non-permafrost habitats remains unknown. We hypothesize that this microorganisms to the species and even strain level (Maquelin et al., 2002) .
95
Additionally, a phylogenetic reconstruction based on the gene mcrA was performed to 96 investigate the phylogenetic relationships among the strains in this study. Microbial 97 phylogenetics is often based on the 16S rRNA molecule, although other important molecular 98 markers for classification are known. In methanogenic archaea, the functional gene mcrA 99 codes for the α subunit of the methyl coenzyme-M reductase (MCR), which catalyzes the last 100 step of the methanogenesis (Ferry, 2010) . MCR is thought to be unique to methanogens and,
101
since it retains a common function, sequence comparisons are considered to provide valid 102 phylogenetic data (Reeve, 1992) . The gene mcrA has also proven to be an alternative to 16S 103 rRNA in the phylogenetic analysis of methanogen populations (Luton et al., 2002) .
104
In this study, we describe the overall chemical composition of three strains of methanogens 
171
Further technical details about the Raman equipment and measurements were reported in 172 detail in Serrano et al. (2014) .
173
For hierarchical clustering of the CRM spectra, a cosmic ray removal procedure was first 174 performed on the spectra, followed by the individual export of each spectrum via an ASCII 175 interface into OPUS 5.5 (Bruker Optik GmbH, Rheinstetten, Germany). As part of the pre-176 processing, we carried out a quality test in order to assess the signal-to-noise ratio and a pre-177 selection of the cell-based spectra that contains the principal components of the spectrum.
178
The first derivative with Savitzky-Golay smoothing/ derivative filter was applied using 9 
185
Average linkage was used as the clustering method. For the cluster analysis in Figure 4A , the 
Results
215
Raman spectra of permafrost and non-permafrost methanogens 216 The Raman spectra of the analyzed strains Ms. soligelidi SMA-21, SMA-17 and SMA-27 217 from Siberian permafrost and Ms. barkeri and Ms. mazei from non-permafrost habitats are 218 illustrated in Figure 1 and described 
246
The cluster analysis based on the Raman spectra showed the similarities and differences in three spectra from Ms. soligelidi SMA-21 (Fig. 2) 
257
The cluster analysis in Figure 4A shows an overview of the phenotypic resemblance in the 
266
The PCA in Figure 3A shows the score plot of the first 3 principal components (PCs more chemically heterogeneous than the other strains (Fig. 2) . However, the high phenotypic 300 heterogeneity within a cell population and diversity between different growth phases 
313
The clusters resulting from the PCA of the individual spectra (Fig. 3A) support the cluster 314 analysis in Figure 2 , evidencing that CRM can be used to differentiate between strains,
315
which form non-overlapping data clouds on the plot. Furthermore, the first principal 316 component has separated out permafrost from non-permafrost strains. However, the Raman-317 spectroscopic differences between permafrost and non-permafrost strains ( Fig. 1 and 3B correlate with the peaks identified on the PCA (Fig. 3B ). This spectral region corresponds to 384 proteins (amide I, 1669cm -1 ) and aromatic amino acids, and evidences differences between 385 permafrost and non-permafrost strains. The same fact is observed within the region 2846 -386 2959 cm -1 (Fig. 1) , which corresponds to lipids: multiple additional differences in the 387 vibrational modes of permafrost and non-permafrost methanogens are revealed within that 388 region on the PCA (Fig. 3B ).
389
The underlying compositional differences might be correlated with convergent biochemical increasing levels of unsaturation of the fatty acids (Cavicchioli et al., 2000) . In Figure 1 
